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Prading of Myocardial Dysfunction
y Tissue Doppler Echocardiography
Comparison Between Velocity,
isplacement, and Strain Imaging in Acute Ischemia
elge Skulstad, MD, Stig Urheim, MD, Thor Edvardsen, MD, PHD, Kai Andersen, MD, PHD,
rik Lyseggen, MD, Trond Vartdal, MD, Halfdan Ihlen, MD, PHD, Otto A. Smiseth, MD, PHD
slo, Norway
OBJECTIVES The aim of the study was to compare the ability of the tissue Doppler echocardiographic
imaging (TDI) modalities velocity, strain, and displacement to quantify systolic myocardial
function.
BACKGROUND Several TDI modalities may be used to quantify regional myocardial function, but it is not
clear how the different modalities should be applied.
METHODS In 10 anesthetized dogs we measured left ventricular pressure, longitudinal myocardial
velocity, strain, and displacement by TDI at baseline and during left anterior descending
coronary artery (LAD) stenosis and occlusion. Reference methods were segmental shortening
by sonomicrometry and segmental work. In 10 patients with acute anterior wall infarction
(LAD occlusion) and 15 control subjects, velocity, strain, and displacement measurements
were performed.
RESULTS In the animal study, systolic strain correlated well with segmental shortening (r  0.96, p 
0.01) and work (r  0.90, p  0.01), and differentiated well between non-ischemic (13.5 
3.2% [mean SD]), moderately ischemic (6.5 2.8%), and severely ischemic myocardium
(7.1 13.2%). The ratio post-systolic strain/total strain also differentiated well between levels
of ischemia. Displacement and ejection velocity had weaker correlations with segmental
shortening (r  0.92 and r  0.74, respectively) and regional work (r  0.85 and r  0.69),
and there was marked overlap between values at baseline and at different levels of ischemia.
In the human study, systolic strain differentiated well between infarcted and normal
myocardium (1.0 5.0% vs.17.8 3.8%), whereas systolic displacement (0.3 1.3 mm
vs.2.3 0.6 mm) and ejection velocity (0.9 0.6 cm/s vs. 2.2 0.6 cm/s) showed overlap.
In the infarction group, strain was reduced in segments with infarcted tissue, while systolic
velocity and displacement were reduced in all segments and did not reflect the extension of
the infarct.
CONCLUSIONS Strain was superior to velocity and displacement for quantification of regional myocardial
function. Provided technical limitations can be solved, strain Doppler is the preferred TDI
modality for assessing function in ischemic myocardium. (J Am Coll Cardiol 2006;47:
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.01.0511672–82) © 2006 by the American College of Cardiology Foundation
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iissue Doppler imaging (TDI) was introduced several years
go as a method to quantify regional myocardial function,
nd was assumed to be useful in the evaluation of patients
ith suspected coronary artery disease (1,2). The most
romising TDI measure of regional function has been peak
ystolic ejection velocity, which is typically reduced in
schemic regions (3,4). Although the TDI methodology has
een extensively validated and is now installed in most
chocardiographic recorders on the market, myocardial
elocity imaging is still not widely used in clinical routine.
he slow dissemination of TDI is most likely related to
ome of the limitations of the method, which include spatial
on-uniformity of even normal velocities and the related
roblem that velocities in a particular region are, in part,
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005, accepted November 21, 2005.aused by contractions in adjacent regions (5,6). Further-
ore, peak ejection velocity appears to have limited ability
o differentiate between different grades of ischemic dys-
unction (7).
The present study investigates if grading of ischemic
ysfunction by two other TDI modalities (i.e., strain Dopp-
er echocardiography [SDE] and myocardial displacement
maging) may be superior to velocity imaging for quantifi-
ation of regional myocardial dysfunction. Previous reports
ndicate that strain imaging in principle provides better
uantification of regional function than velocity imaging
8,9). However, SDE is associated with methodological
roblems that limit its clinical application. This includes
trong sensitivity of Doppler strain to misalignment be-
ween the cardiac axis and the ultrasound beam, and
ubstantial drifting of the signal (6). Therefore, as an
lternative modality, we evaluate displacement imaging,
hich is essentially calculation of the regional velocity-time
ntegrals. This modality provides more comprehensive in-
ormation than peak systolic ejection velocity, because
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April 18, 2006:1672–82 Grading of Myocardial Dysfunctionisplacement can be set to incorporate velocity data from
sovolumic as well as ejection phases. Other likely advan-
ages relative to SDE are less dependency on the angle
etween the cardiac axis and the ultrasound beam and
irtually no problem with signal drift.
The aim of the present study was to determine how the
ifferent TDI modalities could be applied to obtain the
ost accurate quantification of myocardial function during
cute ischemia. In a dog model, we used segmental short-
ning by implanted ultrasonic crystals and segmental work
s reference methods for regional function. Furthermore, we
ompared the TDI modalities in a clinical study that
ncluded patients with acute myocardial ischemia.
ETHODS
xperimental study. Ten dogs with body weight 23  1.6
g (mean  SEM) were prepared as previously described
6,10). The National Animal Experimentation Board ap-
roved the study.
NSTRUMENTATION AND HEMODYNAMIC MEASURE-
ENTS. Pressures were measured by micromanometers
10). Coronary flow was reduced by a pneumatic constrictor
round the proximal left anterior descending coronary artery
LAD), and was measured by an ultrasonic transit-time flow
robe (Transonic Systems Inc., Ithaca, New York). Another
onstrictor was positioned around the ascending aorta for
ncrement of left ventricle (LV) afterload.
ONOMICROMETRY. One pair of ultrasonic crystals was
mplanted in the anterior LV wall (LAD region) and
nother pair in the posterior wall (circumflex artery region).
oth pairs were positioned parallel to the LV long axis in
he inner third of the myocardium and connected to a
onomicrometer (Sonometrics, London, Ontario, Canada).
CHOCARDIOGRAPHY. Digital recordings were performed
y a System FiVe ultrasonograph (GE Vingmed Ultra-
ound, Horten, Norway) with a combined tissue imaging
3.5 MHz) and Doppler (2.75 MHz) transducer. The mean
rame rate was 87 s1. To minimize noise, the pulse
epetition frequency was set to 0.5 to 1.0 kHz. Recordings
ere obtained from the apical position with the image plane
riented through the regions in which crystals were posi-
Abbreviations and Acronyms
dP/dt  time derivatives of left ventricular pressure
IVC  isovolumic contraction
IVR  isovolumic relaxation
LA  left atrial/atrium
LAD  left anterior descending coronary artery
LV  left ventricle/ventricular
MRI  magnetic resonance imaging
SDE  strain Doppler echocardiography
TDI  tissue Doppler imagingioned, and were digitally stored and analyzed off-line (Echopac, GE Vingmed Ultrasound, Horten, Norway).
he echocardiographic measurements were performed from
he same position as the ultrasonic crystals were located.
EASUREMENTS AND CALCULATIONS. Hemodynamic vari-
bles. Maximal systolic and end-diastolic LV pressures were
easured along with maximum and minimum time deriv-
tives of LV pressure (dP/dt) (Table 1). Left atrial (LA)
ressure was measured at first diastolic crossover with LV
ressure. Left anterior descending coronary artery flow was
alculated as mean flow. Isovolumic contraction phase
IVC) was defined from peak R on electrocardiogram
ECG) to LV and aortic pressure crossover. End-systole
as defined as time of LV dP/dtmin. Isovolumic relaxation
IVR) was defined from LV dP/dtmin to first diastolic LA
nd LV pressure crossover. All values represent the mean
f measurements from three consecutive heart cycles. The
rea of LV pressure-segment length loops was used as an
ndex of segmental work (Fig. 1), as previously described
nd validated by regional wall stress-segment length
elations (10).
Tissue velocities of a given region were obtained from a
elocity trace generated throughout the cardiac cycle (Fig. 2).
Displacement of a given region was calculated by temporal
ntegration of myocardial velocity, displayed in millimeters
ersus time. By convention, displacement from base towards
pex was given negative values and displacement towards the
ase positive values. This is contrary to some previous
eports, which assign positive values to displacement to-
ards the apex (11). We felt that using negative signs is
ore appropriate and intuitive because systolic displace-
ent in the LV long axis is due to shortening. This is also
onsistent with the convention of reporting systolic strains
n the LV long axis as shortening strains (6,10). Velocity-
able 1. Hemodynamic Variables During Baseline and Ischemia
n  10)
Baseline
LAD
Stenosis
LAD
Occlusion
eart rate (min1) 112  8 110  9 111  9
V peak systolic pressure
(mm Hg)
93  2 91  3 95  5
V end-diastolic pressure
(mm Hg)
7  1 7  1 9  1*†
V dP/dtmax (mm Hg/s) 1,680  97 1,491  106 1,415  95*
AD flow (ml/min) 15  3 8  2* 0  0*†
nd-diastolic segment length
(mm)
LAD region 10.2  1.3 10.2  1.3 10.6  1.3*
Cx region‡ 9.1  1.3 9.2  1.3 9.3  1.3
rea of LV pressure/segment
length loop, relative to
baseline (%)
LAD region 100  0 36  8* 28  7*†
Cx region‡ 100  0 100  7 97  12
alues are mean  SEM. *p  0.05 vs. baseline; †p  0.05 vs. LAD stenosis; ‡n  9.
Cx  circumflex artery; dP/dtmax  maximum time derivative of left ventricular
LV) pressure; LAD  left anterior descending coronary artery.
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Grading of Myocardial Dysfunction April 18, 2006:1672–82ime integration was started at end-diastole, and displace-
ent was measured at end of IVC (Divc) and as the
aximum value in systole (Dsys). Maximum post-systolic
isplacement (Dps) was calculated as maximal displacement
fter end-systole.
Strain was calculated by TDI (6,12) with measurements 6
m apart (10 mm in the clinical study). A strain curve of a
iven region was generated throughout the cardiac cycle,
nabling measurement of strain at end of IVC (Sivc) and of
aximum systolic (Ssys) and maximum post-systolic strain
Sps). Corresponding measurements were made by sonomi-
rometry, using end-diastolic segment length as reference.
As an index of effective segmental shortening, we calcu-
ated the ratio between systolic shortening and the sum of
ystolic and post-systolic shortening (Ssys/[Ssys  Sps]), and
he same ratio was calculated for displacement (Dsys/[Dsys
ps]). This effective shortening ratio expresses the fraction
f segmental shortening that contributes to LV stroke
olume.
XPERIMENTAL PROTOCOL. To avoid interference between
onomicrometry and Doppler ultrasound, we first recorded
ressures, ECG, and echocardiographic data during 10 s.
hen, during the subsequent 10 s, pressures, flow, ECG,
nd sonomicrometry data were recorded. Data were re-
igure 1. Changes in left ventricular (LV) pressure-segment length loops d
sovolumic contraction (IVC) and isovolumic relaxation (IVR) phases are in
LAD) stenosis rotate counterclockwise, indicating net actively contracting
egment behaves passively during systole. Aortic constriction superimposeorded with the respirator off. tModerate and severe ischemia was induced by LAD
tenosis and occlusion, respectively. Moderate ischemia was
btained by gradually reducing LAD flow (by 47  6%)
ntil sonomicrometry demonstrated marked hypokinesis.
he hemodynamic variables were allowed to stabilize for 1
o 2 min before recordings were made. Then the LAD
onstrictor was deflated. After a recovery period, another set
f baseline recordings were performed. During re-
stablished LAD stenosis, LV afterload was instantly in-
reased by constriction of the ascending aorta. The constric-
or was deflated after 10 s. After 30 min of reperfusion,
hich resulted in complete functional recovery, the LAD
as completely occluded, and recordings were performed
fter 1 to 2 min. Aortic constriction was performed in six
xperiments.
linical study. We studied 15 (12 men) healthy volun-
eers, age 57  2 years, and 10 patients (9 men), age 56 
years, with acute myocardial infarction in the anterior
all. Angiograms verified occlusion of the distal part of the
roximal LAD (three patients) or mid-LAD (seven pa-
ients). Digital echocardiographic recordings were per-
ormed by a Vivid 7 ultrasonograph (GE Vingmed Ultra-
ound). Apical two-chamber views were used to achieve
imilarity to the animal study. Measurements were done in
ischemia and increase in afterload from a representative experiment. The
ed. The loops during baseline and left anterior descending coronary artery
nts. During LAD occlusion the loops rotate clockwise, indicating that the
LAD stenosis changed segment behavior from active to passive.uring
dicathe basal and apical parts of the basal, mid-, and apical
s
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April 18, 2006:1672–82 Grading of Myocardial Dysfunctionegments of the anterior wall. Mean frame rate was 108 
s1 and 150  4 s1 (p  0.01), and heart rate was 75 
and 61  3 beats/min (p  0.05), respectively.
Magnetic resonance imaging (MRI) obtained after six
onths demonstrated transmural anterior wall infarction in
ve of six patients.
ngle dependency of Doppler measurements. In five
ealthy volunteers, we compared the different TDI modal-
ties with regard to angle dependency. The ultrasound
nsonation angle was modified by dislocating the echocar-
iographic probe from a strict apical position, aiming a
eviation of approximately 30° from the LV longitudinal
xis.
tatistics. Values are expressed as mean  SEM if not
tated otherwise. In the animal study, non-parametric tests
ere used. Normal distribution was not assumed due to a
mall number of observations. Repeated measurements were
nalyzed by Friedman’s two-way analysis of variance by
anks (13). Paired data were analyzed with Wilcoxon
igure 2. Tissue velocity, displacement, strain, and sonomicrometry trace
aseline and during ischemia. Note that peak systolic ejection velocity w
isplacement were markedly different. Ao  aortic; ECG  electrocardio
bbreviations as in Figure 1.atched pair test. In the clinical study, analysis of variance vas performed with the six ventricular segments as factors.
omparisons between segments in patients and control
ubjects were performed with Student t test. Bonferonni
orrections for multiple comparisons were used in the
on-parametric and parametric analysis. Regression analy-
es were performed with the least-squares method. A value
f p  0.05 was considered significant.
ESULTS
xperimental study. BASELINE. Strain by sonomicrom-
try, which served as reference method, showed systolic
hortening that started during IVC and continued until
ortic valve closure (Fig. 2). In some cases, there was slight
ost-systolic shortening. Strain by Doppler showed traces
ery similar to sonomicrometry.
The displacement traces were qualitatively similar to the
train traces. Velocity traces were dominated by a large, but
rief, positive spike during IVC and a more protracted
the mid left ventricular anterior wall in a representative experiment at
sentially similar at different levels of ischemia while systolic strain and
; LA  left atrium; LV dP/dt  time derivative of LV pressure. Others from
as eselocity during LV ejection. There were only minor velocity
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Grading of Myocardial Dysfunction April 18, 2006:1672–82omponents during IVR. During early LV filling, all mo-
alities indicated rapid segmental lengthening. At baseline,
he findings were essentially identical in the posterior and
nterior walls.
SCHEMIA. During LAD stenosis sonomicrometry demon-
trated moderate reductions in systolic shortening and a
arked increase in post-systolic shortening (Fig. 2). Similar
hanges were observed by strain Doppler and displacement
nalysis. During LAD occlusion sonomicrometry showed
ystolic lengthening and more marked post-systolic short-
ning, indicating further deterioration of regional function.
imilar changes were observed using strain-Doppler and
isplacement imaging. As shown in Figure 3, both strain-
oppler and displacement imaging differentiated between
AD stenosis and occlusion (i.e., between moderate and
evere ischemia). When comparing baseline and LAD
tenosis, however, there was overlap between individual
alues of peak systolic strain and displacement.
Peak systolic ejection velocity decreased during LAD
tenosis, but individual values showed substantial overlap
ith baseline measurements. During LAD occlusion, there
as further decrease in peak systolic ejection velocity but
igure 3. Velocity (V), strain (S), and displacement (D) measurements f
oronary artery stenosis (st), left anterior descending coronary artery stenos
oronary artery occlusion (occ). For most variables, there was substantial
elocity did not discriminate well between baseline and different levels of i
nterior descending coronary artery stenosis and occlusion. Mean and stand
.05 vs. left anterior descending coronary artery occlusion; §p  0.05 vs. left
escending coronary artery stenosis. Other abbreviations as in Figure 1.ith considerable overlap with LAD stenosis. Therefore,
eak ejection velocity did not differentiate between moder-
te and severe ischemia. The negative component of IVC
elocity and the positive component of IVR velocity were
arger (p  0.05 and p  0.01, respectively) in severe than
n moderate ischemia, but there was overlap between indi-
idual values.
There were no significant changes in the Doppler or
onomicrometry parameters in the posterior wall during
AD constriction.
We also investigated if incorporation of post-systolic
otion could enhance the diagnostic power of strain and
isplacement imaging. The relative contribution of post-
ystolic strain was quantified as the ratio between systolic
train and total strain, and a similar ratio was calculated for
isplacement. The ratio of systolic strain/total strain dis-
riminated completely between the various degrees of isch-
mia. There was, however, some overlap between ratios for
isplacement during baseline and LAD stenosis (Fig. 3,
able 2).
NCREASED LV AFTERLOAD DURING ISCHEMIA. During
oderate ischemia, the aorta was abruptly constricted, and
ndividual experiments (n  10) at baseline (bl), left anterior descending
aortic constriction (st  ao, n  6), and, finally, left anterior descending
p between the different measurement conditions. Thus, systolic ejection
ic dysfunction. Strain and displacement discriminated better between left
eviation are indicated. *p  0.01 vs. baseline; †p  0.05 vs. baseline; ‡p rom i
is and
overla
schem
ard danterior descending coronary artery stenosis; #p  0.01 vs. left anterior
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April 18, 2006:1672–82 Grading of Myocardial Dysfunctionhis caused a marked rise in LV systolic pressure. Regional
unction by sonomicrometry showed a shift from systolic
hortening to systolic lengthening (Fig. 2). This change in
egional function was clearly demonstrated by strain and
isplacement imaging, and both modalities differentiated
ell between the two conditions (Fig. 3). Peak systolic
jection velocity decreased significantly (p  0.05), but
here was overlap of individual values before and during
ortic constriction.
OMPARISON TO REFERENCE METHODS. Figure 4 summa-
izes in scatter plots how each of the TDI modalities
erformed as compared to the two reference methods for
rading myocardial function.
linical study. Velocity and displacement were maximum
t the base and decreased gradually towards the apex in
ealthy control subjects and in patients with acute anterior
all myocardial infarctions as well (Fig. 5). In all segments,
ean values of velocities and displacements in the infarction
roup were reduced relative to control subjects (p  0.05),
ut there was substantial overlap between individual values
n the two groups. Importantly, positive displacement val-
es, which were observed in some of the infarcted segments,
ere not seen in normal hearts. Inclusion of post-systolic
elocity and post-systolic displacement did not provide
etter differentiation between groups or individuals with
ormal and infarcted ventricles (Table 3). Because velocity
nd displacement values decreased gradually towards the
pex, these measures did not define the anatomical exten-
ion of dysfunctional myocardium.
In healthy individuals, systolic strain was relatively uniform
Table 2. Myocardial Velocities, Displacement,
in the Anterior Mid-Segment (n  10)
Baseline
Tissue velocities (cm/s)
Vivc pos 4.1  0
Vivc neg 1.8  0
Vsys 3.1  0
Vivr neg 1.2  0
Vivr pos 0.4  0
Tissue displacement (mm)
Divc 0.6  0
Dsys 3.1  0
Dps 0.2  0
Ratio Dsys/(Dsys  Dps) 0.95  0
Strain by Doppler (%)
Sivc 3.5  0
Ssys 13.5  1
Sps 0.7  0
Ratio Ssys/(Ssys  Sps) 0.96  0
Strain by sonomicrometry (%)
Sivc 3.7  0
Ssys 12.6  1
Sps 0.8  0
Ratio Ssys/(Ssys  Sps) 0.94  0
Values are mean  SEM. *p  0.01 vs. baseline; †p  0.05
D  displacement; ivc  isovolumic contraction phase; iv
coronary artery; neg negative; pos positive; ps maximuetween base and apex, except for a reduction in the most distal wart of the apical segment (Table 3). In the infarction group,
owever, strain decreased sharply in the mid-segment, consis-
ent with severe dysfunction in the distal portion of the anterior
V wall (Figs. 5 and 6). Figure 6 illustrates that strain
everses from systolic shortening (negative strain) to systolic
engthening (positive strain) in the distal segments. Systolic
jection velocity, however, approached zero in the mid-
egment and was essentially similar at more distal measure-
ent sites. Therefore, systolic ejection velocity did not
eflect more severe dysfunction in the apical segments, as
ndicated by the strain measurements.
ngle dependency of Doppler parameters in a clinical
etting. Figure 7 illustrates misalignment between in-
onation angle and the LV long axis. An angle deviation of
0° reduced apical velocity, strain, and displacement by
pproximately 50%. For the mid- and basal segments, there
as less effect of angle deviation. Importantly, strain values
id not show stronger angle dependency than velocity and
isplacement. This was explained by the geometrical prin-
iples that are illustrated in Figure 7.
ISCUSSION
o our knowledge, this is the first study that directly
ompares the different TDI modalities SDE, tissue velocity,
nd displacement imaging. We demonstrate that strain is
uperior to velocity and displacement for grading of myo-
ardial segmental dysfunction. During experimental isch-
mia and in patients with anterior wall infarctions, peak
ystolic velocity could not differentiate between hypokinetic
nd dyskinetic myocardium, while systolic strain by SDE
Strain During Systole and Isovolumic Phases
LAD Stenosis LAD Occlusion
2.6  0.5 2.3  0.5
3.3  0.3* 4.9  0.5*†
2.0  0.2* 1.2  0.1*†
0.9  0.2 0.7  0.2
1.5  0.2* 2.5  0.3*‡
0.4  0.1* 0.5  0.1*‡
1.8  0.3* 1.2  0.3*‡
0.8  0.1* 2.0  0.2*‡
0.66  0.08* 0.39  0.04*‡
1.2  0.3* 3.1  0.4*‡
6.5  0.9* 7.0  1.0*‡
4.8  0.7* 9.8  0.5*‡
0.57  0.03* 0.40  0.04*‡
1.1  0.5* 3.4  0.6*‡
6.8  1.0* 5.8  0.8*‡
4.3  0.6* 8.7  1.1*‡
0.60  0.04* 0.40  0.04*‡
AD stenosis; ‡p  0.01 vs. LAD stenosis.
ovolumic relaxation phase; LAD  left anterior descending
t-systolic; S strain; sys maximum systolic; V velocity.and
.5
.3
.3
.3
.1
.1
.4
.1
.02
.5
.0
.2
.01
.9
.3
.2
.02
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Grading of Myocardial Dysfunction April 18, 2006:1672–82on-ischemic as well as ischemic myocardium. Further-
ore, strain was superior to velocity and displacement
maging for defining the anatomical extension of dysfunc-
ional myocardium.
est TDI modality for quantification of regional dys-
unction. In the present study, the different TDI modali-
ies were validated against two different reference methods
i.e., regional systolic shortening by sonomicrometry and
egional work from pressure-segment length loops). The
ationale for using systolic shortening as a reference method
or function is that it reflects the contribution by a particular
egment to LV stroke volume. However, systolic shorten-
ng, similar to stroke volume and global LV ejection
raction, is markedly load-dependent. As an alternative
ethod, we used the area of the regional LV pressure-
egment length loop, which is a measure of regional
yocardial work and reflects energy consumption. Seg-
ents with loop areas 0 are passive, and the negative loop
rea reflects work performed on such segments by the rest of
he ventricle. When loop areas are positive, it means that the
egment performs active work, and the loop area reflects
he magnitude of regional work. Figure 4 illustrates how the
igure 4. Scatterplot of the relation between the tissue Doppler imaging pa
ystolic strain and displacement showed excellent correlation with both re
elocity and both reference methods, velocity could not separate passiv
isplacement, however, differentiated well between active and passive segme
rtery stenosis; solid triangles  left anterior descending coronary arteryifferent TDI modalities performed against the two “gold etandards” for regional systolic function. The figure dem-
nstrates that values for systolic velocities in entirely passive
egments (negative loop areas) overlapped with velocities in
egments that were actively contracting (positive loop areas).
his overlap implies that peak systolic velocity could not
dentify aggravation or improvement of ischemic dysfunc-
ion. For systolic strain and displacement, however, there
as no overlap between segments with positive and negative
ork. Therefore, strain by SDE and displacement imaging
ifferentiated better between moderate and severe ischemic
ysfunction. There was some overlap between values for
on-ischemic and moderately ischemic myocardium for all
hree modalities.
In non-ischemic myocardium, virtually all contraction
ccurs during systole with very little post-systolic shorten-
ng. Therefore, post-systolic motion has been introduced as
potentially useful marker of ischemic dysfunction. In the
resent study, post-systolic strain differentiated well be-
ween non-ischemic and ischemic myocardium. Post-
ystolic strain, however, provided no added value in staging
f ischemic dysfunction, as there was substantial overlap
etween post-systolic strain values in segments with mod-
ers and strain by sonomicrometry and segment work as reference methods.
e methods. Although there were significant correlations between systolic
gative work) from active (positive work) segments. Systolic strain and
pen circles baseline; solid squares left anterior descending coronary
ion.ramet
ferenc
e (nerate and severe dysfunction. Post-systolic velocity and
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April 18, 2006:1672–82 Grading of Myocardial Dysfunctionisplacement in ischemic myocardium exceeded values in
on-ischemic myocardium, but there was more overlap than
or strain measurements. Thus, post-systolic motion appears
o be a marker of ischemia, but does not help in grading of
schemic dysfunction.
We also evaluated the ratio between systolic strain and
ombined systolic and post-systolic strain. In non-ischemic
yocardium, virtually all contraction occurred in systole,
nd, therefore, the ratio was near one. In ischemic myocar-
ium, the ratio was markedly reduced. The ratio differen-
iated better between different levels of ischemia than just
igure 5. Systolic measurements in six regions in the anterior wall (apical tw
cclusion (n 10) (solid diamonds) and healthy volunteers (n 15) (open
n every segment relative to the control group. The strain values, however,
n these segments. Aa  apical segment, apical part; Ab  apical segmen
a  mid-segment, apical part; Mb  mid-segment, basal part. Mean an
s. healthy volunteers. NS  not significant vs. healthy volunteers.easuring systolic or post-systolic strain. In contrast, cal- tulating a similar ratio for displacement and velocity did not
mprove grading of ischemic dysfunction.
est TDI modality for anatomical localization of dys-
unction. Due to tethering between myocardial segments,
mpairment of function in one region causes apparent
eduction of function in adjacent and even remote regions
14). Therefore, assessment of systolic velocity is not well
uited for defining anatomical extension of dysfunctional
yocardium. There was reduction in velocities and dis-
lacement in all segments between base and apex, and there
as no obvious transition zone between intact and dysfunc-
amber view) in patients with acute left anterior descending coronary artery
onds). In the infarction group, the velocity and displacement were reduced
ped markedly in the mid- and apical segments, consistent with infarction
al part; Ba  basal segment, apical part; Bb  basal segment, basal part;
dard deviation are indicated. *p  0.01 vs. healthy volunteers; †p  0.05o-ch
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d stanional myocardium. This implies that velocity imaging and
d
t
b
a
d
p
m
m
A
c
d
g
w
p
w
i
(
f
n
s
S
f
p
p
s
s
o
l
m
m
i
m
v
t
u
c
p
r
c
e
p
t
e
a
fi
m
n
C
s
c
q
d
b
f
s
T
(
V
S
D
V
; LV
1680 Skulstad et al. JACC Vol. 47, No. 8, 2006
Grading of Myocardial Dysfunction April 18, 2006:1672–82isplacement imaging show apparent dysfunction outside
he injured region. Systolic strain, however, is not limited
y tethering to the same extent, and in patients there was
relatively sharp transitional zone between intact and
ysfunctional myocardium. Therefore, systolic strain ap-
ears superior to velocity and displacement imaging as a
ethod to define anatomical extension of dysfunctional
yocardium.
ngle dependency of TDI modalities. The present study
onfirms that measurements in apical segments were highly
ependent on optimal apical positioning of the echocardio-
raphic probe. Measurements from mid- and basal anterior
all segments were less dependent on medial shifts of probe
osition. Importantly, strain showed only minor changes
hen probe position was shifted. This apparent angle-
ndependency of strain is explained by geometrical factors
i.e., medial repositioning of the probe gave good alignment
or the mid- and basal segments of the anterior wall). It does
ot mean that strain is angle independent. On the contrary,
train is very sensitive to angle problems (6).
tudy limitations. The reference methods for systolic
unction that were used in the animal study represent best
ossible approaches for in situ hearts, but do not provide
erfect measures of myocardial contractility. Segmental
hortening, however, reflects the contribution of a particular
egment to stroke volume, and may be considered a measure
f effective systolic function. The pressure-segment length
oop is an index of work and, therefore, is closely related to
able 3. Systolic and Post-Systolic Measurements in Six Regions
n  10) and Healthy Volunteers (n  15)
Basal Segment
Basal Apical Basal
elocity (cm/s)
Systole
Controls 6.5  0.4 5.0  0.4 3.9 
Infarctions 3.7  0.2 2.6  0.2 1.8 
Post-systole
Controls 0.2  0.1 0.2  0.1 0.0 
Infarctions 1.2  0.3 0.8  0.3 0.7 
train (%)
Systole
Controls 21.0  1.2 20.3  1.4 20.0 
Infarctions 20.5  1.2 18.1  1.5 12.5 
Post-systole
Controls 0.9  0.3 0.6  0.2 0.2 
Infarctions 1.2  0.3 0.9  0.3 1.6 
isplacement (mm)
Systole
Controls 10.0  0.6 7.2  0.6 5.4 
Infarctions 5.7  0.6 3.2  0.4 1.7 
Post-systole
Controls 0.1  0.0 0.0  0.1 0.0 
Infarctions 0.4  0.2 0.4  0.2 0.5 
alues are mean  SEM.
ANOVA  analysis of variance; LAD  left anterior descending coronary arteryyocardial energy consumption. Each of these reference methods reflects the impairment in cardiac mechanics that
s typical for ischemic dysfunction.
In clinical studies we lack reliable reference methods for
easuring regional contractility. However, systolic strain pro-
ides a measure of regional myocardial shortening, which, in
urn, is related to contractility. In a previous clinical study that
sedMRI tagging as a reference method, we showed that TDI
ould measure regional strain accurately (15). Therefore, in the
resent study, we used Doppler strain as reference method for
egional function. Furthermore, we used MRI at follow-up to
onfirm scar tissue in infarcted segments. In contrast to
chocardiography, MRI is not possible to perform in the acute
hase of myocardial infarction.
Only six dogs underwent ischemia and aortic constric-
ion, but similar responses were demonstrated in each
xperiment. The results were tested with non-parametric
nalyses of variance by ranks, which ensured validity of the
ndings despite the low number of experiments.
Due to the technical limitations with strain-rate imaging,
ost importantly artefacts and random noise, strain rate was
ot included in this study.
onclusions. The present study demonstrates that strain is
uperior to systolic velocity and displacement for quantifi-
ation of myocardial function. Strain had excellent ability to
uantify function in intact as well as dysfunctional myocar-
ium, while systolic ejection velocity could not differentiate
etween stages of ischemic dysfunction. Displacement per-
ormed somewhat better than velocity. Strain imaging
hould undergo further testing to determine how this
e LV Anterior Wall in Patients With Recent LAD Occlusion
Segment Apical Segment
ANOVAApical Basal Apical
2.9  0.2 2.2  0.2 1.6  0.2 p  0.001
1.2  0.2 0.9  0.2 0.5  0.1 p  0.001
0.1  0.0 0.1  0.1 0.2  0.1 NS
0.7  0.2 0.5  0.2 0.5  0.2 NS
17.5  1.4 17.8  1.2 11.0  0.6 p  0.001
2.8  2.4 1.0  1.6 2.6  1.1 p  0.001
0.2  0.1 0.4  0.2 0.2  0.2 NS
3.6  1.0 4.2  0.7 3.2  0.6 p  0.001
3.2  0.3 2.3  0.2 1.5  0.1 p  0.001
0.7  0.4 0.3  0.4 0.0  0.3 p  0.001
0.1  0.0 0.0  0.0 0.1  0.0 NS
0.4  0.1 0.4  0.1 0.3  0.1 NS
 left ventricular.in th
Mid-
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0.2
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2.2
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0.2odality can be implemented in clinical routine.
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cclusion). A standard echocardiographic apical two-chamber view was used. ECG  electrocardiogram.
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